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ABSTRACT 


The surface deformation on a dielectric under static electric 
fields prior to and during breakdown was observed. A Fabry-Perot 
interferometer was used with one plate being the upper electrode 
and a titania disc surface acting as-the reflecting plate. As the 
voltage was increased to breakdown, no surface movement was observed 
since the currents measured in this experiment were about two orders 
of magnitude less than those previously reported for similar ex- 
periments. After achieving a suitable coating on the upper plate, — 
it was possible to observe the sequence of events during breakdown 


by recording the fringes with a high speed motion picture camera. 


In the course of establishing the parameters for this ex- 
periment, measurements of the voltage distribution across the titania 
and vacuum gap were carried out and previous results essentially 


confirmed. 


In the search for a suitable transparent conducting coating, 


various metal films and stannic oxide were investigated. The optical 


properties of Chromium films thinner than 100A were established. 
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MEASUREMENT OF VOLTAGE DISTRIBUTION ACROSS 


TITANIA AND VACUUM GAP 


1. INTRODUCTION 


Titania has aroused considerable interest as a dielectric 
material because of its combination of a high dielectric constant. 
95, and a low loss tangent, 0.0003. Many attempts to use these 
excellent properties have encountered considerable difficulties due 


to the breakdown of the titania at voltages lower than expected. 


Work has been done in an effort to find the cause of this 
premature breakdown both in microwave windows and in diélectric- 
loaded slow-wave structures. A glaze consisting mainly of lead 
borate has been shanna to give an improvement in breakdown strength. 
Work has been done by R. retires” to obtain information about the 
breakdown process and to determine the properties of the glaze 
responsible for the improvement in breakdown strength. In work with 
Static fields it was shown that for most dielectrics the breakdown 
strength is improved by spark conditioning phenomena but for titania 
permanent damage is caused at the onset of the sparking due to the 
reduction of the titania. The glaze prevents the sparking from 


damaging the surface. 


Englefield et aes and eee investigated the breakdown of 
titania and a vacuum gap in series. They showed that field emission 
causes a change in the amount of charge at the surface of the titania 
and hence a redistribution of voltage across the gap. The conclusions 
were reached on the basis of temperature, current and field emission 


readings and were further evidenced by mechanical measurements of 
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the force across the vacuum gap. 


The intent of the present work is to investigate the voltage 
distribution as a function of vacuum gap spacing by electromechanical 
means and to observe any distortions of the surface as they occur. 

It has been suggested that before breakdown there may be some 
inhomogeneity in the electric field and that this would cause a 


distortion in the: suntace sof the titania. 
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2.FORCE ACROSS THE VACUUM GAP 
In order to be able to correlate the surface effects observed 
on the titania surface with the field strength across the vacuum gap, 
it was necessary to know the relation between the applied voltage and 


the voltage across the vacuum gap. 


There has been strong evidence in previous work that the titania 
Supports a much larger voltage than expected from theoretical consider- 
ations. When initially applied, most of the voltage exists across the 
vacuum gap due to the high dielectric constant of the titania. The 
high voltage changes the amount of charge present at the surface of the 
titania, causing cathode emission leading to a redistribution of 
voltage. In order to measure the magnitude of this effect, the voltage 
at the surface of the titania disc is and ib the by measuring the 


mechanical force across the vacuum gap. 


Two different’ cases were consigered = 1) the case where the 
dielectric was attached to the positive electrode (ceramic anode) 
- referred to as a negative vacuum gap, 2) the case where the dielectric 
was attached to the negative electrode (ceramic cathode) - referred to 
as the positive vacuum gap. This terminology was used to remain 


consistent with previous work. 
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The force of attraction per unit area on the surface of a 
parallel plate capacitor is given by 
D F; 
Leo /2e | (2rPy 
where £ is force per unit area in Newtons free Oo is surface charge 
density in Coulonse mam and EG is the permittivity in Ei pie Now the 
field in the capacitor is given by E = fe, but E is also given by 
E = V,/d)3 hence one may write 
2 2 ; 
f = oe /(2d°) (252) 
where V,> the voltage across the vacuum gap, equals aV, the applied 
voltage times 'a' the ratio between the two; do is the vacuum gap. 
Hence the total mechanical force on the electrode may be expressed by 
2 vu 
F = ¢ V’Aa’/(2d°) (2.3) 
O O 
where F is the total force in Newtons and A the area of the electrode in 


2 


m™m s 


At low voltages, where the emission current is negligible, charging 
of the surface of the titania will not occur. Thus the voltage at the 
surface should be given by 

WA = V/(1 + d,/d ok) Ca) 
where d. is the thickness of the titania and 'k' is the relative 
dielectric constant of titania. 

Hence gS A Cee d,/dk) C25) 

It can be readily seen that since the relative dielectric 


CONSstLant 1Or titania ic apout 95, ~a’ will be‘approximately J until qd. 


becomes very small, say do = d,/10. This theoretical value for 'a' will 
only be true for relatively low electric fields. Toso has shown that 
as the applied voltage is increased above a certain level the voltage 


across the vacuum gap tends to level off indicating a decrease in ‘a' 
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This change is clearly shown in figure 2-2 which has been adapted from 
Toso for the positive vacuum gap case. The fraction of the voltage dropped 
across the titania, (1 - a), is plotted against the voltage applied 


to the electrodes. 
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voltage (kV) 


Etouree 2. 2 


This figure represents the case where d = 0.0015" (0.038cm) and 
d. = ORLOO 2(0,254¢m)-. 

In order to measure 'a' it is necessary to express it in terms of 
experimentally measured parameters. By rearranging equation (2.3), one 
may obtain : 

Vo fF = .2d2h(e-Aa’) (2.6) 
O fo) 
Thus the variation praae be with voltage for a fixed electrode set-up is 


dependent on ‘'a'; hence any variation of 'a' from the theoretical 


value should be reflected in a variation of v2 /F. 
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3 EXPERIMENTAL APPARATUS 


da Measurement OF force 
It was decided to measure the force between the two electrodes or 
more correctly between the surface of the dielectric and one electrode 


by means of an electromechanical balance. 


In principle, the balance Hii sures) 3.1 “ang 3.2) consists of an 
arrangement of the two electrodes one above the other. The lower 
electrode is attached to the top of the vacuum manifold by an insulating 
tripod, the upper electrode is suspended from a solenoid. The titania 
sample is glued to the lower electrode with a conducting cement. Since 
the weight of the upper electrode is balanced by a spring holding it at 
an equilibrium position, the force applied by the solenoid is equal to 


the force due to the electric field across the vacuum gap. 


solenoid 


spring 


see ad 
fieure 3.1 


The balance is set up by letting the upper electrode rest on the spring 
at its equilibrium position and then to bring down the solenoid until it 


is just touching the top of the? thrust block: 


The backing plate can then be loaded with weights and a relation 
obtained between the weight, i.e. the downward force and the current 
through the solenoid. This is done by holding the thrust block hard 
against the solenoid with a large current and slowly reducing the current 


until the upper electrode assembly dropped. This fall was stopped after 
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a few thousandths of an inch by two stop- screws. The drop point was 
a definite point because as soon as the equilibrium was passed the 
electrode began to fall, pulling the plunger out of the solenoid and 
hence reducing the upward force. Due to this unstable equilibrium, it 
Was easy, with a little practice, to’ obtain reproduciple results 
consistent to about one percent over the period necessary for the 


calibration. 


BEcuMe adi py Vaten. meres tole 


solenoid 

to CO 

solenoid dob high voltage 
Current 

supply a as 


nylon insulated tripod 


to vacuum pump 


figure 3.3 
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3.2 Vacuum equipment 


The entire solenoid balance was mounted in a glass cross as shown 
in figure 3.3. The pressure in the cross was kept at the order of 
10e° torr by the vacuum system shown in figure 3.4. The main pump 
was a two inch mercury diffusion pump. A water cooled baffle and a 
liquid nitrogen cold trap were used. 

Pressure measurements were made using thermocouple gauges above 
Ker torr and a Bayard-Alpert gauge at lower pressures. The ultimate 
pressure of the system after/it had been taken apart ,cleaned and 
reassembled was slightly below TO torr. All experiments were 


; 26 
performed at pressures between 1 and 2 times 10 POG. 


3-3. Blectrical equipment 


The high voltage was provided by a supply capable of giving 
voltages up to 50kV at currents up to 10mA with a voltage ripple of less 
than 0.2%. This supply was considerably modified by covering all 
possible breakdown points with corona shields, rebuilding resistor 
banks, increasing the spacing of components and finally building a new 
polarity reversing switch. The switch was made from perspex with 
sprung copper contacts as illustrated in figure 3.5. This switch 
allowed polarity changes to be made with the minimum delay. 

The solenoid current was obtained from a Harrison 6204B d.c. 
power supply in the early experiments and a Power Designs 5015A supply 
in later experiments where greater current was required to raise the 
upper electrode. The current in both cases was measured on the same 


Weston ammeter. 
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4, EXPERIMENTAL PROCEDURE 


4.1 Calibration 
As a preliminary test of the solenoid-balance system in vacuo, 
it was decided to measure the force between two metal electrodes. It 
was thought that this would provide not only a useful calibration of 
the electrodes themselves, but also a check on the consistency of the 
apparatus over a wide range of field strengths and over a long time, 
since the results could be checked against theoretical predictions. 
First the balance was calibrated against a set of balance 
weights as previously described. Then the force measurements were 
made and finally the balance was recalibrated. 
Figure 4.1 shows a typical range of calibration curves. The force 
on the graph is given in grams since the solenoid was calibrated against 
a set of balance weights. For all calculations the force is converted 


into Newtons by means of the appropriate factors. 
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The four curves (Ch) 2, 3. 4,)represent calibrations taken over 
a period of some days with various measurements being done in between. 
The long term variations do not present too great a problem since one 
may interpolate the measurements between the appropriate calibrations. 
It is thought that the changes arise from a fatiguing of the spring 
which was only a coil of piano wire. 

That the results obtained are essentially correct, is shown in 
figures 4.2 and 4.3. _ Figure 4.2 shows the relation between force and 
electrode spacing using curves of constant voltage. It may be seen 
from the graph that these curves have the expected property of being 
Straight Janes of “slope -2.. Similarly, figure.4.3, the plot of force 
against voltage for constant spacing has the expected slope of 2. 

It may be concluded that the Sa Peroni may be used to faithfully 
measure the characteristics of the force between two electrodes over 
a range between 10g and lkg. 

4.2 Electrode shape 

Due to the need of mounting the entire dielectric within the flats 
of the electrodes in later experiments, it was decided to maintain this 
configuration throughout. Due to space limitations it was not possible 
to satisfy this condition using Sees electrodes. Electrodes of a 
somewhat similar shape but with a proportionately larger flat area were 
used. These electrodes were tested for breakdown in vacuo, as were a 
pair of Bruce electrodes of similar overall diameter. The breakdown 
voltages were essentially the same in both cases. Also, the breakdown 
voltages exceeded those expected from the data of Kilpatrick. (figure 4,4) 
Hence, it was concluded that the shape used gave rise to no field 


concentrations, otherwise a lower breakdown voltage would have been 
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figure 4.4 
observed. 


4,3 Effective area 
By using typical points from the curves one may obtain the 
effective area of the electrodes. Re-arranging equation (2.3), and 
setting Eo = 1 (since there is no dielectric), one obtains 
A= ara? /e Vv" (4.1) 
Substituting all constants, and with F in grams and V in volts 


A = 22.15 x sr 


Fa“ /v (4.2) 
Taking values from figure 4.2, one cbtains 
Volts (kV) 10 20 30 40 
Area (cna Sa B30 Some 3426 
yielding a mean value of ene. which compares with Aan for the flats 
of the electrodes and pane for the projected area of the electrodes. 
Following these measurements, tests were done with the titania 
disc between the two electrodes. Using the procedures previously 


described, measurements were made over a range of vacuum gaps dec- 


reasing from 0.80cm. to a limit of 0.040cm. imposed by the operation 
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of the balance. Generally the voltage was increased in steps of 5kV 
except when near breakdown and for narrow gaps when 2kV increments 
were used. From these measurements and using equation (2.6), one may 
! 


obtainyplots of V /F tor the. various, spacings. “Any variation ‘in’ ‘a 


will be reflected in v-/F. 


4.4 Effect of disc size 

For practical reasons, it had been decided to use titania discs 
whose diameter was smaller than that of the electrodes. It was thought 
appropriate to check that the results from such an arrangement were 
compatible with those from the more usual case by taking measurements 
with both a 5cm. and an 8.2cem. diameter disc on 8.2cm. electrodes. - 
From these tables and using a rearrangement of equation (2.6) one can 


calculate ‘the effective areas of the two discs: 


Vacuum gap (cm) ORs On225 O73 O2EZ3 
Large disc (an 42 40 40 By 
Small disc (em) 26 25 25 24 
Small1/Large Gy 0763 Onose e065 


This ratio, approximately 0.63 between the effective areas of 

the two discs is in agreement with the measured areas of the two discs. 
The area of the small disc is Aaa and that of the large disc, taking 
the effective area measured previously is aise Vieldingeay Gatiowort- 0.29" 
Since the two cases are consistent in this respect and since a plot of 
WATE normalized to a common area coincides for the two discs, one may 
conclude that the two cases are equivalent and that one may treat the 
force from the small disc as being due entirely to the disc and ignore 


the peripheral area of the electrode. Hence the use of titania discs 
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smaller than the electrodes on which they are mounted is a valid 


procedure. 


4.2 ourtace finish 

In order that the results of the force measurements could 
be carried over to the optical examination of the surface, all 
force measurements were carried out using dielectric samples which 


had been optically polished. 
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De REOULIS 
5.1 General procedure 
Having established the validity of the technique, measurements 
were undertaken to establish the behaviour of v-/F and hence 'a'. For 
the purpose of these calculations 'a' was assumed to have the theoretical 
value at low voltages allowing 'A' to be calculated which in turn 
provides a basis for calculating 'a' at higher voltages. 
The general pattern of measurements was to start at a wide 
spacing and to continue with the same sample at decreasing spacings 
until breakdown occurred. After the electrodes had been repolished 


to remove the marks from their surfaces, a new piece of dielectric was 


inserted and measurements continued. 


D2) barcerdise 

After some initial runs to get the feel of the apparatus, tests 
were undertaken using the three inch diameter discs mentioned in section 
4.2. These tests covered a vacuum gap ranging from 0.721 cm to 0.272 cn, 
in all cases going to 40 kV both positive and negative. No deviation 
from theoretical prediction was found, i.e. the plot of ve/P was a 
straight horizontal line, nor were there any differences between positive 
and negative. This series of tests was continued to a spacing of 0.123 cm 
but with steadily decreasing maximum voltages until at this spacing 
breakdown occurred at 28 kV. The results of these tests are shown in 
figure 5.1. Since these results show no variation in v-/F there can be 
no variation in 'a', so these results were used only to calculate the 
area 'A' evens 4,3. Tests were carried out at narrower spacings but 


these results cannot be considered since the lower electrode was pulled 


out of parallel due to the supporting tripod being inadequately secured. 
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Deo oma disc 

The same pattern was followed in tests on the small discs with 
spacings ranging from 0.438 cm to 0.040 cm. Due to minor experimental 
problems breakdown occurred earlier than anticipated from previous work 
at the very small spacings. Once again measurements were repeated 
using both polarities at all spacings except the 0.040 cm where the last 
sample was destroyed on the positive vacuum gap case. Once again no 
difference between polarities was observed over the region covered. The 
tests from this group produced results that partly overlapped those 
obtained previously with the three inch discs. It was these results 
which were used to correlate the effect of the two disc sizes in section 4.4. 
The results of these tests are given in figure 5.2. In some cases, more 
than one test was done at virtually identical spacings. In plotting these 
results the data from the different tests are differentiated by different 
symbols. 

It was thought that the cause of the breakdown at lower voltages 
than for Toso was caused by the sharp edges of the dielectric; so it was 
decided to round off.the edge to a radius of about 1 mm. The first test 
with this edge was carried out at 0.053 cm with results as shown in 
figure 5.3. The radiused edge was successful in that 28 kV was reached 
before breakdown. All further tests were carried out using radiused discs. 


' deviated from 
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This was the first test in which V /F and hence ‘a 
the horizontal. The results are slightly complicated by the need to stop 
the experiment on two occasions when the pressure due to the outgassing 


of the solenoid rose above acceptable levels. It will be seen from 


figure 5.3 that once a certain value of v-/F had been reached it did not 
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figure 5.3 
go down when the voltage was reduced. This effect poses two possibilities: 
either there has been some permanent change in the properties of the 
titania or there is some residual surface charge on the dielectric. In 
order to distinguish between the two possibilities, an experiment was 
performed in which the voltage was increased to a fairly high voltage 
(20kV) then decreased back to zero. Following that, every effort was 
made to discharge the surface by letting the vacuum chamber up to 
atmosphere and temporarily reversing the polarity. Finally, the 


experiment was repeated. The results are seen in figure 5.4 
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It can be seen from this figure that on the run-down the value of v-/F 
varied somewhat but generally increased as would be expected if some of 
the charge remained on the surface. If all the charge generated at the 


highest voltage remained on the surface then the curve would rise 
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continuously with decreasing voltage to values somewhat higher than those 


realized. Since it proved possible to repeat the experiment with 
reasonable accuracy after discharging the surface, it may be concluded 
that the titania stores surface charge for a considerable time but 
that there is no permanent change in the properties of the titania. 

A curve is drawn on figure 5.3 through the values of ae 
obtained when it was measured for the first time at each voltage. From 
this smooth curve points are taken for the calculation of 'a'. A value 
Om 0.3 / x 10° yolceu ye Wacsmusea fo aprive ata value of 19 ane for the 
area. As expected this is slightly smaller than previous values of ‘A!’ 

' ' 


due to the rounding of the edges. One may then determine ‘a’ from : 


peor 10> F Gap 


Z 
The results of these calculations are shown in figure 5.5. 


theoretical ‘a’ 
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Figure 5.6. Results of measurements across small vacuum gaps for positive 
vacuum gap. Dotted curves represent results from earlier experiments. 


Results for the 0.051 cm gap overlap those of the 0.059 cm gap; so, for 


the sake of clarity, the 0.052 cm case is shown separately. 
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Results of measurements across small vacuum gaps for 


Figure 5.7. 
That part of the curve between 


negative vacuum gap (ceramic anode). 
the two levels is shown dotted since behaviour in this region can only 
of the speckled discs; 


be speculative. The sample at 0.049 cm is one 


the other two, regular surfaces. 
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Further tests were done at close spacings using dielectric with 
radiused edges. Unfortunately the first batch used was covered with 
black speckles. It was thought that these speckles may have been iron 
particles imbedded in the titania when it was being lapped on an iron 
plate. However the speckles did not disappear when the titania was 
soaked in heated acid. This was the only time titania was polished in 
this fashion. O£f£ the four pieces used three were used as cathodes (see 
figure 5.6) and one as an anode (figure 5.7). The cathode case was 
much as expected but the anode showed a surprising jump in v-/F rather 
than the gradual rise previously encountered. In case this should be 
due to the possible iron in the surface, the experiment was repeated 
twice with samples polished as usual on glass. As can be seen from 
figure 5.7 similar behaviour resulted. In exactly the same manner as 


before ‘a’ was calculated and is shown in. figure 5.9. 
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figure 5.8. ‘'a' for the positive vacuum gap (ceramic cathode) 
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figure 5.9, 'a' for the negative vacuum gap (ceramic anode) 


5.4 Visible effects 

An interesting phenomenon was observed in the breakdown at close 
Spacings. It was noted that after breakdown there was a column of 
material joining. the dielectric to the upper electrode. This was 
photographed and is shown in figure 5.10. This photograph has been taken 
through the walls of the cross which cause the distortions, unfortunately 
this procedure was necessary because the column was so fragile that it 
usually collapsed while the endplate was being removed from the cross to 
take a picture looking through the end. On examination the material 
of the column appeared to be small pieces of titania which had been 


chipped from the surface and reduced. 
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figure 5.10 


5.5 Estimate of errors 

In order to estimate the size of the errors it is necessary to 
carefully consider the methods by which the results were obtained. 
Consider the force measurements; if a typical calibration curve is examined 
it will be seen that the RMS deviation of the experimental points from 
the curve is approximately 2%. In the measurement of the force itself 
it is reasonable to expect an accuracy of + 2mA, a fifth of the smallest 
division. This would give a reading error of hyperbolic form. The 
total error in the force measurement may be considered to be the sum of 
these two errors. In the case of the voltage, the voltmeter may be read 
to an accuracy of +2Z% in the voltage calibrator against which the meter 
is ultimately compared. 


Hence the maximum error in v-/F is given by: 


2 


2 
(2E,) + Ea 


By2/p (5.2) 


As can be seen from the error bars on the graphs this can range from 


13% at low voltages and forces to 5% under favourable conditions. 
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From an examination of figure 5.2, it will be noted that for the 
spacings 0.223 cm and 0.175 cm where the tests were repeated, the 
experimental points fall within each other's error limits. Hence one may 
conclude that the error limits thus obtained are reasonable. Agreement 
is not quite as good at the very close spacings, but this is because 
of the increasing importance of uncertainties in do which may be of 
the order +3%. Also the fact that surface phenomena due to local 
irregularities are being investigated means that variations between 


samples are not unexpected. 
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6. SUMMARY OF FORCE MEASUREMENTS 


The results outlined in section 5 do not agree very closely with 
the work of Toso. Figure 6.1 compares the result given by Toso for a 
positive vacuum gap of 0.015 inches (0.04 cm) with the results in 


Pigures 5,5 and SS *for a. vacuum gap of 0.05) cm: 


1-0 
9 
8 
Ga 
‘7 
6 
H: % 4 8 12 16 20 24 28 


APPLIED VOLTAGE, kV 
figure 6.1 


These results are not directly comparable since they are for different 
spacings, however, the figure will serve to illustrate the general 
trends. It is not surprising that Toso's curve should give lower 
values after the knee because of the narrower spacing. The most 
noticeable factor is the difference of the two curves in the present 
experiment. Since these two tests were on different specimens this 
difference is not surprising; what is reassuring is that generally the 
same type of behaviour is encountered. It is unfortunate that tests 
at the narrower spacing of 0.04 cm resulted in breakdown before any 


anomalous behaviour was observed. 
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Figure 6.2 is a similar comparison for the negative vacuum gap 


(ceramic anode) case. It may be seen in this drawing that there is very 
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figure 6.2 

little similarity between the results of Toso and those of the present 
experiment. Surprisingly, the break point of the curve i.e. that point 
where the curve deviates from the horizontal, has moved lower with increased 
Spacing, exactly the opposite from what would be expected. 

Although the differences in figure 6.1 may be reconciled due 
to the different samples used, the differences in figure 6.2 are of such 
a nature that some fundamentally different mechanism must be at work. It 
is interesting to note that in Toso's experiment the break point occurred 
at a lower voltage in the positive vacuum gap case whereas in the present 
experiment, the reverse was true. | 

It can only be concluded from these results, that a great variation 
in behaviour is possible between different samples. The results of the 
present work would suggest a different cause of these deviations from 


theoretical behaviour depending on the polarity used. 
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Figure 6.3 shows the dependence of the voltages across the 


vacuum gap and the ceramic on the voltage applied. 


Experiment Number 


Ceramic 23 


Breakdown (kV/cm) 


Vacuum [320 
Experiment Number; u positive gap, 0.053 cm 
Bs Os0S17en 
3 0.047 cm 
4 negative gap, 0.049 cm 
S 0.060 cm 


It will be noted that for the three ceramic cathode runs breakdown occurs 
at about the same level of electric field intensity in the vacuum gap, 
but that there is a wide variation in the intensity across the titania. 
In fact the total voltage at breakdown across the vacuum gap is very 
similar in all three cases, ranging from 16.7 to 19.1 kV. A similar 
state of affairs exists for the ceramic anode case where the voltages 
across the gap are almost identical being 12.8 and 12.2 kV. In this 
case however, the field intensities across the ceramic and vacuum gap 
show equal but opposite variation. The behaviour of erent A ac 
in general agreement with the results of Englefield et al. which showed 
breakdown at 30 kV/cm for the ceramic cathode and 43 kV/cm for the 
ceramic anode. 

The voltage across the vacuum gap and the electric field intensity 


are considerably greater for the positive vacuum gap (ceramic cathode) 


than for the ceramic anode case. Since many workers consider that the 
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breakdown is dependent on the anode material, this is not surprising, 
although it is not in agreement with Toso's work. 
It should be noted that in all cases the breakdown voltage 
exceeds that predicted by Kilpatrick for the spacings used if metal 


electrodes had been employed. 


PART II 


INTERFEROMETRIC OBSERVATION OF BREAKDOWN 


ON DIELECTRIC SURFACES 
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7. MULTIPLE-BEAM INTERFERENCE 
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The intention of this project was to investigate local variations 
in field strength and their effects on a dielectric surface which might 
arise prior to breakdown. The purpose of the preliminary experiments 
described thus far was merely to better establish one of the parameters, 
namely the average field across the dielectric as distinct from that 
given by theory. 

Due to the high field strengths involved and the small dimensions 
of the vacuum gap, the use of any material type of probe is precluded. 
One mechanism which immediately suggests itself is the use of inter- 
ferometry which has long been used as a technique for ascertaining the 
flatness of surfaces. The advent of the laser removes one of the worst 
restrictions of the technique which previously limited work to gaps 
of a maximum of about 0.5mm. With the laser one can easily get fringes 
between plates with centimeter spacings. 

Simple interferometers using air-glass interfaces are limited in 
resolution in that only the first reflected beam is strong enough to 
contribute to the image. In a multiple beam interferometer, metal 
coatings having a high reflectivity are used to enhance the subsequent 


reflected beams which greatly increase the sensitivity of the apparatus. 


(ee ays orm la. 

The theory of multiple-beam interference taking place between two 
plane parallel surfaces was first derived by Airy but did not find 
a omlbieesiian for many years. By multiple beams is meant the use of a 
series of coherent beams all specifically related in phase and intensity. 


Airy had calculated the result of considering the successive multiple 
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beams as shown in figure 7.1. 


freure 7.1 


From figure 7.1, it is clear that the reflected beams will have intensities 
3 a2 D2 

Dow Gee bene he wet. #iirethese are collected: bya Jens, all sthe 

beams will combine at the focus of this lens. Now each successive beam 

lags behind the previous beam a distance 2uhcos¢, in which '¢g' is the 

angle of incidence and 'h' the distance between the parallel surfaces. 

The phase lag '6' between successive beams is constant being 

6 = 22un cos¢ 7 (joel) 

If the reflected series of beams of geometrically decreasing. 
intensity (decreasing by a factor R’) and phase increasing arithmetically 
by 6 is’ summed to infinity, the resulting intensity at any point in the 
Wb ate: 


field corresponding to 6 can be shown to be 


4Rsin’s/2 | (7.2) 
Gen si Reing 6/2 


This represents Airy's formula for reflected intensity. The quantity 
Ae 6/2 cam only vary from 0 to 1, at which, 7 has; minimum and 

; = 
maximum values respectively. When sin’ 6/2=1 
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, : Sear 2 
which simplifies to 4R/(1+R)”. For fairly large values this is always 


nearly unity. ForJjexample-for R=0.9 it .equals' 0.997, even for R=0.6. it 
still equals 0.94. Also it should be noted that the minima do not really 
go down to zero (true only when there is no absorption). Effectively 

the maxima can be treated as unity, irrespective of the reflection co- 
efficient, and the minima as zero. In practice this condition breaks 


down because of the absorption of the reflecting film. 


7.3 Fringe width 
The intensity distribution of the reflected light pattern given 
by (7.2) may be written as 


_ Fsin?6/2_ (7.4) 


2 
1+Fsin’ 6/2 


where the parameter F is defined by the formula 
4R Gi25) 
(1-R)? 


When R is small compared with unity, F is also small compared with unity, 


y= 


so one may expand Wy Cnet 6) 2) in (7.4) and retain terms up to only 


the first power in F. This gives 
ae 
Tes (1-cos$) (72.6) 


i.e. the intensity variations are characteristic of two interfering beams. 
If R is increased, the intensity of the maxima approaches unity and the 
minima become sharper until, when R approaches unity so that F is large, the 
intensity of the reflected light is very bright except in the vicinity of 
these minima. The pattern in reflected light becomes one of narrow dark 
fringes on an otherwise nearly uniform bright background. The behaviour 

of I as a function of the phase difference 6 is shown for various values 
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The sharpness of the fringes is conveniently measured by their half 
intensity! width,~ or ‘half width':, which,' in the case of the pattern in 
reflected light, is the width between the points on either side of a 
minimum where the intensity has risen to half its maximum value. The 
ratio of the separation of adjacent fringes and the half width is known 
as the » finesse’ .S 1ofwthe fringes.,  For)astringe of imbegral, order) !m', 


the points where the intensity is half its maximum value are at 


= = 
6 = 2mrt 5 Ghai) 
where by (7.3) and (7.4) 
2R owns Oe, C28) 


(14R) 2 14F sin2 ¢/4 
and when F is sufficiently large, §is so small that one may put sin 


ef A)t H=16/ 4a dnd panduoptaini the haltiwidthtas 


4V2. R (729) 
Ve V i4R2 


Since the separation of adjacent fringes corresponds to a change 27 of 6, 
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the finesse is then 


F = 27 = VP 14R2 (F210) 


€ 9 Vo R 


As R approaches closer to unity (7.10) may be simplified to the more 
usual expression 


$=nVF Cie) 


All these formulae have been derived for the case where the two re- 
flecting coefficients are equal. If the reflecting coefficients of the 
two surfaces differ and are Ri» Ros the formulae given above hold if R 
is replaced everywhere by ¥(R,R,) - 


jn [NerelieCis Or absorpusony in the metal film 

In the reflected system the calculation of the effect of absorption 
is quite complex, yet one can see in a general manner what happens by 
an argument due to Toles In figure 7.1 one sees that the absorption 
in the metal film does not affect the first beam of intensity R. It does 
affect every succeeding beam. The intensity of the second reflected 
beam is RT’, but the transmission is no longer (1-R) but is reduced to 
(1-R-A) where A is the absorption. The result of this is that the 
sequence of reflected beams, which produce the dark interference fringe, 
is weakened, and as a consequence the fringe minimum does not go down 
to zero. The greater the absorption the more the fringe is affected. 
The effect is shown schematically in figure 7.3. In figure 7.3a, with 
moderately low reflectivity and low absorption the fringes are broad but 
Visibility is fairly good, i.¢. the fringes dip down -low. in figure 7. 3b 


the reflectivity is high, with sharp fringes, but absorption increases 
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with higher reflectivities, consequently the fringe dip is only slight 


and visibility is poor. The fringes are narrow but hard to see. 
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8. EXPERIMENTAL APPARATUS 
S.leebiy-kerot Interferometer 

A typical Fabry-Perot interferometer is used as shown in figure 
8.1. Since the laser provides a light beam approximately 1mm diameter, 
it is necessary to use a short focal length lens to diverge the beam in 
order that it may cover the region of interest. The diverging lens and 
a pinhole are mounted together as one unit which is movable with respect 
to the collimating lens. This allows fine adjustments to be made for 
focus. The lens must be kept scrupulously clean since every speck of 
dust causes disturbances in the light projected onto the dielectric. 

The collimating lens is a plano-convex lens of 492mm focal length 
and 79mm diameter. The collimating lens also serves as the window into the 
vacuum chamber so it is mounted on an o-ring approximately 40mm from the 
optical flat. 

The two surfaces which provide the multiple-beam interference are 
the lower metallised surface of an optical flat set in the upper elect- 
rode and the upper surface of the dielectric. The optical flat is a 
high quality quartz flat of 2 inch (50.8mm) diameter and 0.5 inch (12.7mm) 
thickness with a surface finish of 4/20. The flat was mounted on a 1mm 
bevel such that its lower metallised surface formed a continuous conducting 
plane with the flat portion of the electrode. The bevel of the optical 
flat was coated at the same time as the surface and hence provided a 
convenient conduction path between the optical flat and the electrode 
The incident beam was arranged so that it was a few degrees from normal 
allowing a prism to be used to direct the emerging beam onto a screen or 
towards a camera. Sometimes an image lens was used to adjust the size of 


the image. 
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The two electrodes are supportéd as shown in figure 8.2. The 
upper electrode containing the optical flat is attached directly to the 

top plate. The lower electrode assembly is suspended from the top plate 
by three glass rods spaced 120° apart. The spacing of the two electrodes 
can be adjusted by means of a micrometer head which moves the lower 
electrode. The parallelism is adjusted by three glass forcing rods 
arranged on the same diameter as the support rods and interspersed 
between them. By being moved up and down by vacuum tight. screw 
adjusters, these rods tilt the entire assembly allowing it to be brought 
to any position desired. 

Since the electrode assembly is suspended entirely from 
insulators the whole assembly is floated at high voltage. 

As the experiment proceeded it became necessary to modify the 
lower electrode. The Sorrel intention had been to provide a uniform 
field over the dielectric and by suitable rounding of the edges to 
avoid any field concentrations. This arrangement had worked in the 
experiment for measuring the forces where breakdown through the di- 
electric was sometimes obtained. In the present case,when the optical 
flat was used,breakdown invariably occurred around the edge of the 
dielectric. In van effort.to»produce breakdown on the flat surface of 
the dielectric the following measures were taken 

1) The dielectric was reduced from 5 cm diameter to 4 cm diameter. 
It was thought that if the edge of the dielectric were removed from 
being opposite the discontinuity at the edge of the optical flat the 
likelihood of edge breakdown would be reduced. The result was to cause 
breakdown straight across the gap from the dielectric edge to the 


Oopia cal, flat. 
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2) The lower electrode was replaced by one in the form of a right 
circular cylinder with rounded edges as shown in figure 8.3. Early 
experiments with this set-up gave currents of several hundred nanoamps 
due, it was thought, to the removal of the chromium coating on the 
corner of the Deen flat between the face and the bevel which had 
become exposed due to repeated polishings of the upper electrode. 

3) To cure the problem of the coating being removed, the outer 
part of the face and the bevel were coated with about a thousand 
angstroms of chromium leaving a central 4.5 cm diameter area for the 
interferometer. 

6.2 Metaliisingsthe optical flat: 

As was seen in section 7.2, the sharpest fringes are obtained 
by using the highest reflectivity: possible. In this case the reflect- 
ivities of the two surfaces are different so the factor VR,R, must 
be used. The reflection coefficient of polished titania is 0.18 
therefore it is particularly important that the coefficient of the 
metal coating on the optical flat be as high as possible. 

The first choice was aluminium which was the same material 
as the electrodes and had very good optical properties. Unfortunately 
the evaporated aluminium was pulled off by the electric field at 


voltages much lower than those encountered in the breakdown tests. 


Even a sputtered aluminium coating was pulled off at only 30 kv across 
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2.0m or 120° kV/cm. "oll ver Coatings Were also tried with similar results. 
Chromium coatings showed great promise with their great adhesion to 

the substrate and a sample tested remained on the flat until it was 
damaged by the spark at breakdown of the vacuum gap. A coating of 

150 A thickness should have a reflectivity of gugte and an absorption 

of about O/oat These values are for evaporated films but because 

of the continuous structure of even the thinnest evaporated chromium 
films they should also be valid for sputtered films. 

The films obtained had quite HUeeey One properties and so a 
series of films were made on glass slides with the results shown in 
figure 8.4. The thickness of the films was calculated on the basis 
that a 300 second film was about 825 A thick and that the thickness 


is directly proportional’ to the’ time. 
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figure 8.4 
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These results were obtained on glass microscope slides which had been 
carefully cleaned and using Marz grade (99.99% pure) Chromium. Due to 
the low reflection and the high absorption obtained, an interferometer 
using such a coating would be basically only a two beam interferometer. 
An alternative coating was investigated using a conducting tin 
oxide film based on the techniques described by Con and Livesey, 
Lyford and Macrcaie In this technique the glass to be coated was 
placed in an oven and brought to 450°C. Stannous chloride was heated 
in a glass tube outside the oven while oxygen was passed over it ; 
the resulting white fumes being carried into the oven and deposited 
on the glass. The most difficult aspect of this technique was making 
the film uniform. The final set up used was that shown in figure 8.5a 
with an outlet as shown in 8.5b. With this arrangement it was possible 
to produce a coating with a thickness between 0.75 uw and 0.85 uw over 


an area about 12 cm diameter. These coatings had a resistance of 
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about 1002 per square, equivalent to a resistivity of rehgehane 
Unfortunately coatings of this thickness exhibited a slight trans- 
lucence or milkiness. The maximum reflectivity obtainable from 


a quarter wavelength coating would be 0.2. 


Comparing coatings of the two materials with equal reflection 
coefficients, one sees that the stannic oxide has the advantages of 
lower resistivity and lower light absorption but the disadvantage 
of a less uniform,rougher surface. Since this experiment was intended 
to study effects arising from the surface inhomogeneities of a 
dielectric, it was thought that the chromium was a better material 
because it introduced fewer unknowns. Hence a 10 second (30 A) 


chromium coating of 5002 per square was used. 


Using the value of 0.2 for the reflection coefficient of both 
surfaces and using equation 7.10, a value of 3 is determined for 
the finesse. Accepting foe statement that determinations 
can be made to a tenth of a fringe width, an ultimate resolution of 
100A should be realized. While a perturbation of that size could 
be detected if it should be crossed by a fringe, it would remain 
undetected if it came between fringes. To ensure detection, any 


disturbance would have to equal the fringe spacing, approximately 


3000A. 


8.3 Possible range of surface movements. 


Having established the minimum motion detectable with the 


apparatus it is instructive to see what range of surface movements 
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may be expected from various dielectrics. Since one is looking 
for local effects of unknown magnitude it is difficult to get an 
accurate estimate of the surface distortion. However, it is 
possible to make an approximation to the overall motion which 
will at least give an order of magnitude estimate of the displace- 


ments involved. 


Three possible causes of mdétion of the dielectric surface 
relative to the optical flat are : 1) mechanical expansion of the 
dielectric due to the force exerted by the field, 2) expansion due 
to heating of the dielectric by the currents flowing, 3) flexing 


of the lower electrode support structure. 


Consider the dielectric as a very short thick rod under tension 
with one end glued to the lower electrode and the other being pulled 


by the electric field. Then 


(Gsigk)) 


where! ff sis ithe toreswwA 15) the area, ie! =the elongation, ey the 


initial length,’ M, is Young's modulus which has the dimensions force/ 
area. Consider a dielectric disc of diameter 5cm and 3mm thickness. 
If one has a force of 1Ke, which is quite possible from section 5.3, 


then (8.1) becomes on rearranging and substituting constants: 


eraal Sepl0aiumetres (8% 2) 


ss 
ue being in Kg/cm’. 


hs, at yabwall oi at an 
1. | Battle abthon reo 
‘tons lt Yo wsentane A aan 


“ ands 
os 


doe rie shyosalabh at Re moltin ie seas » teenie [ snd s 
wig Sp solgreqiy Leatusdgea Et 3 538: 400%, bpisdtieets saa 83 
dub cabertagee Cf het wld Wd) beiz9x5 nox? add or. ob. 9 
uviieehi CE ares’ nye att vd aitigstenh. writ io. 


eth 
ina 
shia 6 
na 
: 
ioe’ 


; poiesanm 22a sbaxsonly. ao 

hale? tabs hos dobdy 23004 YOM MANF oot anh! oes sabbeadd | 
et fg yeted walkie’ wl fue Soxtne.e/ Rio! ai) 4) beuly brow. weet 17 
aie weet katt sbvaagts, 


CL. 0} aay S: | ri) 
wit oa 
zt an sig Td 


13 om Sas rol inponts, ould tye (oom edz at “A' .aeyol oo) Pe Ws 7 
aS 
\eor0! dao! aauint nda acs datitw sutaion a’ gout a2 ra tail co. 

“es eas ue 
cana tgs mul ide 08 Natt ont aiataniatb a gi 


Ce wobioas mon} otdtiedg dian at dohdw , gtt- to sated s: 
OTTO, aks Nadie hen cad ay eomadied i 


The following table gives Young's modulus and elongation for 


titania and a few: other dielectrics. 


Material M (kercn Elongation (A) 
A 2 6 
Titania 1-1.5x10 bes 
; 6 
Alumina Sigs aNd Oo5 
: 4 
Plexiglass Ae nO he 
3 
Teflon 420 LO 400 
Phenolic ie ae <60 


It would seem that there is little prospect of observing any de- 
formation due to mechanical forces alone on either the surface of 

the titania or alumina. However, in practical cases the field 
distribution is not always uniform but rather there can be con- 
siderable local field enhancement as pointed out by Cranberg and 

fay bey ae A practical problem arises however in that the softer 
materials which show most elongation are the most difficult to polish. 
In addition materials such as plexiglass have a very low reflection 
coefficient which degrades the resolution of the interferometer. 

Since the titania discs were available and easily polished, it was 


decided to consider this case. 


Consider the thermal expansion of a titania disc. The expansion 
is described by the relation 


= alAT (3.3) 


e 
For titania ost eae and since 'l' the length of the disc is 3m, 
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then, 

e = 250 A/C (S24) 
Englefield et Hea Feporle a/temperature mise from 20 CG to 300°C 
immediately prior to breakdown. Even at 20 kV, which in their 
case was 10 kV below breakdown the temperature had risen to 90°C, 
a rise of 70°C. This would be equal to an expansion of three wave- 
lengths or six fringes. It cian be seen that a local hot spot only 
12°C warmer than its surroundings should cause a fringe to form. 
Thus it is seen that any surfice movement observed will arise from 
the heating of the locality by the field concentration rather than 
by mechanical stretching of the material, although the two effects 


will reinforee one another. 


The third possible cause of relative movement of the surface 
of the dielectric Is that caused by flexing of the supporting structure. 
Rather than attempt to calculate this motion it was decided to measure 
it by loading the structure wlth a weight simulating the force due 
to the field and measuring the actual motion observed. The results 


of these tests are shown in figure 8.6. 


In summary, the three sources of movement may be considered thus: 
any movement due tw mechanical force on the dielectric will be too 
small to be observed; the flexing of the support structure will cause 
a bulk motion of the order of three fringes; nevertheless, any local 
expansion due to local heatiny, of more than a few degrees should be 


observed. 
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Tests were performed on a piece of titania to see if these 
conditions were attainable in practice. A piece of titania which had 
already been broken down was used since aie breakdown path formed a 
convenient resistance of about a thousand ohms through which current 
could be passed to heat up a portion of the ceramic. These tests 
were carried out in the usual apparatus, the only difference being 
that they were done at atmospheric pressure. It was found that a 
power of approximately 100mW would produce detectable changes in the 
fringe pattern while greater power of about a watt would cause a new 


ring to form around the heated area. Since powers of about 100mW in 


the dielectric have been meee: at as much as 6kV before breakdown, 


it was concluded that the technique should be a useful means of in- 


vestigating the surface. 
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8.4 Vacuum equipment 


The vacuum equipment was identical to that described in section 3.2 
except that the apparatus was enclosed in a eleee cylinder 10 inch 
diameter by 6 inch height. Due to a generally cleaner system the 
ultimate pressure was about 2 x fie torr with a general working 


pressure of 5 x ron ton. 


8.5 Electrical equipment 


The same high voltage set described in section 3.3. was used 
initially. In later experiments as a result of a failure in the H. V 
set it was replaced with a Universal Voltronics model BAL-50-16, having 
maximum voltage and current ratings of 50 kV and 16 mA respectively. 
The current across the vacuum gap was measured using the circuit in 


figuress./. 


HIGH 
VOLTAGE 
SET 


HP. 427A 
OLTMETER 


figure 8.7. 


In early runs the 500 Kf resistor - voltmeter was replaced by a pico- 
ammeter. The results of the two systems were identical and since the 
voltmeter was more readily available it was used for most of the 


experiments. 
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9. EXPERIMENTAL PROCEDURE 
9.2 Adjusting for fringes. 


The entire apparatus is assembled ex vacuo, the top plate being 
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supported by three metal rods mounted on the base plate. The dielectric 


and the optical flat are brought together until they are almost touching. 


Next they are made approximately parallel using the adjusters and judging 


the parallelism of the two surfaces by eye. Then the laser is turned 
on and usually there will be a wedge of about twenty fringes visible. 
Using the screw adjusters the two surfaces are made parallel. Usually 
at this stage there will be a couple of rings due to the warping of 
the dielectric by the setting of the glue. 

Once a good set of fringes has been obtained the two electrodes 
are gently brought together, then using the micrometer, the lower 
electrode is backed off to the desired spacing. Finally the lower 
electrode is locked in position to prevent any movement due to take up 
of slack in the threads when the field is applied. During the movement 
and locking of the electrode the fringe pattern does not remain static 
since it is impractical to build a device with sufficient precision. 
However, the pattern does not move very far and is easily identifiable, 
hence it only takes a few seconds to recover the pattern. 

When the desired fringe pattern is achieved, the upper plate is 
lifted off the three metal rods which are then removed. The glass 
cylinder is put in their place and the upper plate lowered so that the 
o-rings are sitting on Age while the high voltage pick-up is 
carefully inserted in the feedthrough at the same time. 

The chamber is then pumped down and the experiment is ready to 
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proceed as soon as the pressure is of the order of 10 EOrts 
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9.2 Recording the fringes 

All measurements were undertaken using a vacuum gap of 0.05lcm. 
which should lead to oan ee between 24 kV and 28 kV on the basis of 
earlier tests. 

Initially the voltage was raised to 10 kV and the fringe pattern 
projected on a screen so that it could be observed. As expected, the 
only change visible was a gradual overall movement as the force due to 
the electric field flexed the supporting structure. For higher voltages 
the outgoing beam from the interferometer was projected into a Beaulieu 
16mm movie camera from which the lens had been removed so that the image 
was projected directly onto the film. Filming was done at 64 frames 
per second using Kodak Tri-X film. A 4x filter was inserted in the 
light path between the pinhole and the collimating lens reducing the 
light intensity by a factor of 16 since the light must pass through it 
twice. 

The voltage was increased from 10 kV to about 22.7 kV in just 
under 60 seconds. The only effect visible on the film was a blurring 
of fringes at breakdown and a few blank frames due to the rapidity 
with which the fringes were moving. It was thought that this movement 
was due to the mechanical relaxation of the supporting structure when 
the field was suddenly removed. To test this hypothesis the experiment 
which had been done to determine the extent of motion of the supporting 
structure was repeated but this time the weights were suddenly removed, 
the whole procedure being filmed at 64 frames per second. The film 
showed similar behaviour to that seen at breakdown; so it was concluded 
that the cause of the motion had been identified. 


This overall motion did not exclude the possibility of some local 
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motion which was being missed due to the blurring of the fringes. Hence 
it was decided to do the filming around breakdown at 500 fps using a 
Hycam rotating-prism _ 16 mm high speed motion picture camera. Enough 
light was available for these higher speeds by merely removing the 
filter. In early tests it was noted that breakdown was occurring on 

the edges of the titania, suggesting that perhaps this breakdown was 

due to some field concentration between the edge of the dielectric and 
the possible discontinuity where the optical flat joined the electrode. 
For this reason the dielectric was reduced from 5 cm diameter to 4 cm 

so that the two edges were not opposite one another. 

Thus the final procedure followed was as follows. First the - 
voltage was increased a few kV at a time while monitoring the current 
flowing through the dielectric. Photographs of the fringe pattern 
were taken at intervals with a Graphlex camera. Once within a few kV 
ae expected breakdown voltage, the Hycam was started and the voltage 


rapidly (within 30 seconds) increased to breakdown. 
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10.1 Prebreakdown current 

After a suitable film had been obtained on the optical flat, 
the apparatus was assembled and adjusted with a vacuum gap of 0.051 cm 
(0.020 in.). All measurements were taken at pressures of ‘tir’ Orr Or 
less. The voltage was raised to 20 kV for both the ceramic cathode and 
anode in steps of 2 kV per hour for voltages higher than 10 kV. In 
the first test ,pictures were taken every quarter hour, but in later 


runs only immediately before and after a change of voltage. The only 


Se, 


change in the fringe pattern was a gradual movement due to the electrodes 


being pulled together as explained in section 8.3. 
Since no sign of any change in the fringes had been detected, it 
was decided to repeat the experiment while monitoring the current. The 


results are shown in figure 10.1 
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Due to the low currents, it is not surprising that no effects were 
seen in the fringes. These readings showed rapid fluctuations of one 
to two nA, that is the meter reading was not steady but rather vibrated 


over that amplitude. Since the last readings in each case showed rapid 
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increases in current, it was thought that breakdown might still occur 
at about 24 kV as suggested by previous measurements and be presaged 
by a large enough current flow to cause disturbances in the fringes. 
Consequently the Hycam was set up and the voltage brought to 
19 kV and filming commenced. The voltage was raised to 25 kV over a 
period of 30 seconds allowed by the length of the film (400 ft.). There 
was no breakdown. A 100 ft. roll was put in the camera and the voltage 
increased to 35 kV over 10 seconds and still there was no breakdown. 
The filming was done in the ceramic anode Soomlece tes 
It was decided to measure the current up to the maximum voltage 


yet reached. The results are shown in figure 10.2. 
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The first run was terminated at 30 kV due to failure of the high voltage 
supply. It will be noted that the currents are slightly lower than those 
previously recorded and that there is no increase in current at 20 kV, 
but a more gradual increase above 30 kV. Both these tests were for the 
ceramic anode case. For the ceramic cathode the same behaviour was 


found up to 20 kV but at 25 kV after a few minutes at about 20 nA the 
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current suddenly increased to 3.4 uA accompanied by a blue glow in the 
vacuum gap and an increase in pressure. The chromium coating was re- 
moved at the points of the glowing. The votes was lowered while 

still measuring the current and at 20 kV the current was 2.2 yA indicat- 
ing an impedance of about 10.3 ohms. 

Observation of the fringe pattern throughout all these measure- 
ments showed no Auten distortions. 

The chromium film was subsequently measured and found to have an 
impedance of about ee ohms. It hed not been measured DELOL to use 
for fear of damaging it but other films had shown impedances in the 
order of thousands or hundreds of ohms. It must be concluded that the 
coating was not chromium but primarily impurities, a conclusion borne 
out by further study of the coating technique. 

The results prior to breakdown should still be valid since the 
current (26 nA at 25 kV) indicates an impedance of ion ohms, and 
hence the voltage dropped across the film being about 1% is negligible. 
At breakdown the impedance of the gap would be zero and all the volt- 


age would be across the film. 


The experiment was repeated using more carefully controlled 
films which were checked for about 500 2 per square prior to use, 
with the results shown in figure 10.3. It will be seen that the 
results are generally the same as with the impure film previously 
described. Also in figure 10.3 are shown the results of an experiment 
in which the optical flat was replaced with a disc of aluminium. There 
was no noticeable change in the pre-breakdown current. A breakdown 


very similar tothat of figure 5.10 occurred as shown in figure 10.4. 


~#tuensm Seaita Ila suadgy 


=> 

| » 

rae ri " 
G a” : | ' 

? 


em. oved at bovel bie boli eke att) eal 


oo 02 ‘orrg dercason ged ieee ta 7 Mon soap atid 
oe i oer 
ods At doonebaqgmt event a bad wa sone sud rd ariel’ 
of? taf bobulsavy x daaam ae ie. oy a eo. ste eaoit alte 


ne T4< 
snsod Reame saee & iad Lae opimowds Jon ami . ae " 


no » 
iM . 7 oe 
wee: nf7 to ybute toda sys, we 


wl; ssa btley ad it ite ssid omwabanard 63 t0h1q etloee® ‘rec 


ban ,amio © Soe Yo SPP Apseri but {Va €8 as ne BE) 9 


Sidinitgas ak Rt swede gried ated it nevion beqqor sa 


~3lov ody Lig- hoe: oss ad uh to sonabeqmt ane nie 
a 


i 
ss _ MIL? of3 e078 
7 pa rh * ae 


bellotines yLinierss stom atta be2699 oau soot so is 


,) 


ip 
,pat 6? toktq saps 194 B92 sucde 10% bedseds. ayaw. 
. . » a 
af? Jerty ase ad Eby 3 ps8 Ssugt? ot eos 


" vy on 
ctevolvata mF, nue es a 


' ton sca ° oy a : tik 
. r=) by BY ey ee 
- Jabez ogKe. mn Jor exldest 8 ian 


® €,0r owogit 2 ; 6: 
a all oa ae 
eveaT .cwlelols Yo te ali | te oe > . 
ip 4. a . : eu we i PaiN 
ewobdnett A” ,dooxua avobsnetdneng ad ot 


it. 


a 


62 


oz (Ai) 3OVLIOA 6, dai lddV 


Ve) 
GN 


JGOHLVD 
IGONV 
IGOHLVD 

be 

M72 a 4 
MSZ LY NMOGXV3UE us ‘  30ONV 
6b ob *JGOHLVD 

DSI WNINIWNIV * “ 


“a 


ma (ea (aaa | GSD RNA] pe TET J 


NMOGaV3aa 


Ol 


6“ 


ob 


JOONV DIWVYSD ‘LIVIdL Ll 3IdWVS 


+ 
© 
» 
* 
+ 
ja) 
A 
V 
fo) 
x 


ge 


This illustration shows the breakdown path through the titania after 
the smaller part of the disc had fallen away. It can be seen that a 
piece of titania has been torn out of the surface and is bridging 


the vacuum gap. 


figure 10.4 


In a further attempt to bring about breakdown within the 
field of view, the transparent area of the optical flat was reduced 
to 3.2 cm diameter so that a spark passing in a straight line from 
the rounded edge of the lower electrode to the edge of the thicker 
coating would have to pass through the dielectric in the area of 


observation. 
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10.2 Breakdown behaviour of the ceresic anode. 

This experiment was carried out with the titania as the 
ceramic anode. This sample is labelled number 4 on figure 10.3. 
It can be seen that the currents obtained match those for the 
aluminium disc almost exactly. After being at 17 kV for an hour, 
the camera was started and the voltage increased. At about 22 kV, 
which was reached after approximately 15 seconds, there was spark- 
ing in the vacuum gap. This can be seen clearly in the film 
because of the wild motion of the fringe pattern about the surface. 
Enough current was not drawn to activate the trip-out mechanism of 
the high voltage supply which was set for 1 mA. The high voltage 
was further increased to between 25 and 26 kV when breakdown occurred. 


About 25 seconds elapsed between 17 kV and 26 kV. Ten frames from 


the film are shown in figure 10.5. 


Figure 10.5.1, the last undisturbed frame, shows the pattern 
which had persisted throughout the film up to this point. This 
shows the surface of the titania as being convex by three fringes 


or about one microns 


Figure 10.5.2 shows the first signs of impending breakdown, 
three small patterns superimposed on the main pattern. They are 
typical of diffraction patterns around damage to the coating on the 
optical flat. The spot (a) appeared two milliseconds after figure 10.5.1, 
the other two spots appear for the first time on this frame taken 


at t = OF0n6 sec. 
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Paicuce / lOc5 is ee O, oN 4 ances O.5.o takenmat t..=0.074,. 0.118 
and 0.154 seconds respectively show the growth of the distortion 
around the spot (c). This development represents the expansion of 


the material about this area due to the heating from the current flow. 


Figure, 10.5.6, just..0.002.seconds_aftergi025.5, showsaa 
sudden change due to the cracking of the dielectric under thermal 
stress. This frame is blurred due to the rapid surface movement 
of the dielectric. Figure 10.5.7, the next frame, shows the same 
thing more clearly. This mechanical failure of the titania disc can 


indeed be considered the moment of final breakdown. 


The subsequent frames, of which 10.5.8, 10.5.9 and 10.5.10 
taken at t = 0.262, 0.836 and 3.146 seconds respectively are three 
examples, show a rapid flow of fringes with the collapse of the 
field. In the last frame the pattern is close to the original form 


apart from the disturbances due to the crack and the damaged coating. 


On examination of the titania afterwards, there was a crack 
visible running from the edge through the spot (c) towards the 
centre. Also it was noted that a piece of titania around this spot 
had been torn loose and spattered on the optical flat thus account- 


ing for the changed appearance of the spot (c) after breakdown. 


In summary, the following phenomena have been observed. First 
a current flow is established between the surface of the dielectric and 
thesopéicaljyilate Winnaetimesoftabout#0. U5%seconds? the current *fiiow 


sufficiently heats the titania to cause considerable local expansion. 
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This thermal shock causes the rupture of the titania during which 
a chip of titania is broken from the surface and pulled across the 
gap impinging on the opposite electrode. Following shut down of 
the high voltage supply the field collapses and the dielectric 
settles down to its modified shape, differing from the original 


only in the area of the crack. 


10.3. Breakdown behaviour of ceramic cathode 


The experiment was then repeated with the titania as the 
ceramic cathode. All the conditions were identical. Once again the 
high voltage was taken up to 17 kV while recording the current. As 
can be seen on figure 10.3, the results were identical. After an hour 
at 17 kV, the voltage was increased in roughly 15 seconds to about 
24 kV at which point there was much flashing and sparking in the 
vacuum gap. The high voltage supply did not trip out meaning that the 
current had not exceeded 1 mA. The high voltage supply was turned off 
and the titania and coating examined for damage. Apart from some 
minor marks on the thicker part of the coating, no damage was visible. 
Consequently the high voltage was taken up to 22 kV at which point 
filming was started again. The voltage was rapidly increased until at 


about 27 kV breakdown occurred. 


Ten frames fromthe film are seen in figure 10.6. Figure 10.6.1, 


which is the last undisturbed frame, shows the static pattern of the 


fringes. It can be seen that the area under observation has a large 
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10.6.4 t = 0.060 sec. 


iy. 6.8" * 0.700 Seéc. 


fig. 


10.6.10 t= 5 minutes. 
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dimple slightly off centre. This frame is defined as being taken at 


t = 0.000 seconds. 


Figure 10.6.2, taken at t = 0.008 seconds, shows a spot just 
off centre superimposed on a blurred pattern indicative of a rapidly 
moving surface. This spot grows very rapidly and is soon joined 
by another one as seen on figures 10.6.3 and 10.6.4 taken at t = 0.044 


and 0.060 seconds respectively. 


Two factors combine to complicate the interpretation of the 

| Pranespolsthis 11m. First tne surrace of ethertitaniay issanitially 
quite complicated. Instead of a simple convex surface like the 
ceramic anode, the ceramic cathode has a slightly convex surface een 
a shallow circular depression. Second, the breakdown itself is not 
so clearly defined because this time there was no instantaneous event 


like the cracking of the dielectric. 


Figure 10.6.5, taken at t = 0.102 seconds is probably just 
shortly after breakdown. After this frame, the fringes seem steadier, 
there is a gradual progression from one frame to the next and a 
complete absence of blurred frames typical of sparking during breakdown. 
Also the loops around the convex portion of the surface decrease in 
Sees occurrence consistent with. the spreading apart of the two in- 


terferometer plates as the field collapses. 


As the film proceeds throuwen fdeures 10.6.6, 10.6.7, 10.6.8 and 
10.6.9, takensat t= 072085.0-400, 0.700 and 1.820 seconds respectively, 


the most noticeable feature is the resolution of the spot from a grey 


At 
Leu 
- . = | a aS 
Lif uf ; 
whl cAteree ed tk cd Abt. ole 
| 0 eS Ms 

‘oi Tebats nouls os Be wr yon shi Jamis 
he 


Pe tds en 
; wel on ‘4 tad’ 5 iS saunaed ‘boa 
Vimy 
ssissealoih edd Je 
, 7 

é i 7 

yf Vi OL j at e it a ti OSE , ,0L. v = ied js ‘a let J w! 
‘ ue : i 


2 m30% Sagniyt six ,om a ably 49: TAS 
‘ae : on 


| | mak 
.nvobaserd gniinb gatszege to idan bewauld 0 natn 


2D 7 
, ‘ore 


rs 
im ING OHI OF a ans aire sr meinen ahs: iy 


# 
nt song1osh e562t028 Am 7 Ce 2305 


at ows odd Io a2nge tbe “ wits aah 


vit a 
ovitoeqesz stiiesed ota. 
on ua ; ie 
NOt 8 bi eid Yo 


‘Qe 


70 


mass into a group of distinct fringes. Perhaps this spot has only 
appeared as a fuzzy mass because the fringes were so close that any 
vibration or surface movement would blurr them all together. It is 
just possible that these areas have marked the growth of two very 

steep pinnacles which have arisen under the heating and stress of 

the high electric field in the early stages of breakdown. Subsequently 


these pinnacles subside and broaden as the electric field collapses. 


Figure 10.6.10 was taken some minutes after breakdown and 
represents the surface after all distortions have subsided. This 
fringe pattern described a surface which is basically the same as 
that in figure 10.6.1, the difference between the two frames being 


caused by the tilting of the dielectric with respect to the optical flat. 


On examination of the optical flat and the titania, marks were 
found corresponding to the two spots seen on the film. The titania 
at these points had been reduced and fragments of this titania were 
spattered on the optical flat. In addition the coating on the optical 
flat was criss-crossed with lines indicating where the chromium had 
been completely removed. This was the first time this effect was 


observed. Photographs of these surfaces are shown in figure 10.7. 


figure 10.7 
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11 CONCLUSIONS 


An examination of the results in section 6 shows a general 
confirmation of Toso's results in that as the voltage increases 
above about 10 kV, an increasing fraction of the voltage is dropped 
across the titania. There is, however, some difference in the detailed 
behaviour. The differences in breakdown voltage may be attributed 
to the different geometry and to the use of samples of different 
area. Denholm a shows that eerie difference between the sizes 
of the samples, the small one used by Toso would give a breakdown 


voltage some 25% higher than those used in the present work. 


If the reduction of the titania due to resistive heating 
is the cause of breakdown, then clearly the breakdown is dependent 
on the energy absorbed by the dielectric. Thus the breakdown 
would be dependent not only on the voltage applied and the resulting 
current but also on the time during which it was applied. The 
measured currents were much lower than expected. The amount of 
power dissipated in the titania by these currents would be insufficient 
either to raise the bulk temperature of the titania or to cause any 
visible disturbance in the fringe pattern. The pre-breakdown currents 


decrease slightly with each cycling. 


The main difference between the present experiments and previous 
ones is the form of titania used. Previous experiments used titania 
with ground surfaces, whereas in the present case the surfaces of 


the titania were optically flat. This change would have two principal 
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effects: first, the ground material would have a rougher surface 
possibly causing local field concentrations; second, the ground 
surface would have a larger surface area and hence oe more 
absorbed gas. Some combination of these two factors could account 


for the different results between present and past experiments. 


Something of the breakdown mechanism has been revealed by 
the photography of the fringes. The first stage consists of a 
large current flow lasting between one and two tenths of a second. 
The passage of this current through the dielectric heats it up. 
This heating is visible in the expansion of the material which 
may be over an area of several square millimeters. The stress, 
or thermal shock, caused by this expansion may be sufficient to 
crack the dielectric. In most cases the breakdown is accompanied 
by the ejection of a small chip of titania from the breakdown spot 


which traverses the vacuum gap and impinges upon the opposite electrode. 


Because only one sample was successfully tested at each polarity, 
it cannot be concluded whether the detail differences in the results 


were due to the individual samples or to the polarities. 


It is suggested that breakdown occurs first across the vacuum 
gap, the prebreakdown current being supported by the outgassing of 
the titania. In support of this suggestion it should be noted that 
the breakdown stress of the vacuum gap is more nearly reproducible 
than that across the titania, as mentioned in section 6. In addition 


it has been observed that the prebreakdown current decreases slightly 
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each time a particular sample is tested. Also the fact that the 
prebreakdown current is slightly less after a sample has been pumped 
for a long time, suggests that the current is being supported by 
something which may be removed from the surface. In view of the 
porous nature of the sintered titania used for these experiments, 


absorbed gas would be a likely agent. 


These experiments have established the practicality of the 
technique, nevertheless several refinements should be possible. The 
development of improved coatings would allow fringes of greater 
finesse allowing both higher resolution and the ability to sort 
out closely packed fringes. Different geometries may prove advantageous. 
Also it would be useful to monitor the current and voltage during 
breakdown. If these were displayed on an oscilloscope. an attachment 


for the Hycam would allow them to be recorded on the film simultaneously. 


Since this technique is applicable to any dielectric, an 
investigation of other materials should prove rewarding. If suitable 
polishing techniques can be developed, softer materials should allow 
the examination of earlier stages in the breakdown mechanism. Another 
possibility would be to sputter a coating of titania or some other 


hard material on a softer base. 


By various combinations of these refinements it should be 
possible to extend this technique to cover more of the breakdown 


mechanism in greater detail. 
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